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APPROACH
The nested simulation tool is a joint effort between Stanford and UCLA to implement a coupled cross scale system comprised of the Regional Oceanic Model System (ROMS) and the local scale code SUNTANS (Stanford Unstructured Nonhydrostatic Terrain-following Adaptive Navier-Stokes Simulator). SUNTANS is an unstructured-grid, z-level, parallel coastal ocean simulation tool that solves the Navier-Stokes equations under the Boussinesq approximation with a large-eddy simulation of the resolved motions , while ROMS is a curvilinear-and sigma-coordinate regional simulation tool (Shchepetkin & McWilliams, 2005 ) that now has a nonhydrostatic module (Kanarska et al., 2006) . We are developing a novel dual adaptive scheme to simulate scales that range from meters to hundreds of kilometers by coupling the multi-physics and multi-scale simulation tools ROMS and SUNTANS. ROMS will be statically nested within itself, and adaptive SUNTANS grids will be nested within ROMS and refined based on traditional tolerance criteria (i.e. vorticity and density gradients) as well as the nonhydrostatic pressure, which is a good measure of short-wavelength behavior that requires high resolution if it is to be computed accurately.
We are developing the nested tool using simulations of the California Coastal Current by nesting SUNTANS grids in the vicinity of Monterey Bay inside ROMS simulations of the entire U. S. west coast. These simulations focus on the regional currents as well as internal waves in Monterey Bay, in support of the AESOP DRI. In addition to developing the ROMS-SUNTANS tool in this domain, we are testing turbulence models that incorporate the large-eddy simulation framework. These will be used to test the effects of submesoscale parameterizations on currents and internal waves in Monterey Bay. The high-resolution simulations of Monterey Bay will be used to compute the internal wave energy flux and energy flux divergence in order to aid in deciding on an appropriate study site for the field component of the AESOP DRI.
While the nested simulation tool is under development for the U.S. west coast in conjunction with simulations of internal waves in Monterey Bay in support of the AESOP DRI, our work also supports the NLIWI DRI by performing simulations in the South China Sea using SUNTANS to study the generation and propagation of internal solitary waves. The ultimate goal will be to nest these SUNTANS simulations inside ROMS using the ROMS-SUNTANS nested simulation tool.
WORK COMPLETED
We have performed simulations of internal waves in Monterey Bay with high resolution and have evaluated the energy budget in the region. We have also derived the equations governing the detailed energy budget for baroclinic tides, including a detailed investigation of the different forms of evaluating the available potential energy. In the South China Sea, we have analyzed the data from our three-dimensional simulations to determine the generation sites of the nonlinear internal waves in the Sea.
RESULTS

Internal waves in Monterey Bay
We have performed a detailed analysis of the internal wave energy flux in Monterey Bay following the work of Jachec et al. (2007) , in which the simulations were performed in a domain that is smaller than the one depicted in Figure 1 . Our new domain extends eight internal tidal wavelengths (with respect to propagation in the deep region of the domain) offshore and four to the north and south of the domain. This enables the internal tides to freely radiate away from the topography without being affected by the boundaries. Upon comparison of the modeled barotropic currents to the observations of Klymak (2009) , low-frequency currents are evident in the field data that are not present in the model, as depicted in Figure 2 , since the model is forced exclusively by the barotropic currents at the boundaries. However, as depicted in Figure 3 , agreement between the predictions and observations is excellent after application of a high-pass filter to remove the low-frequency currents. The equations governing the evolution of the total (kinetic + potential) baroclinic energy, E', and barotropic energy, E 0 , are given by (see, e.g. Carter et al. 2008 )
where ' F r is the depth-integrated baroclinic energy flux (Kunze et al. 2002) , W g ' ρ is the rate at which energy is converted from the barotropic to the baroclinic internal tides (W is the barotropic vertical velocity which is linear in the vertical coordinate), and ε is the dissipation. In equations (1) and (2), N and C represent the non-conservative and conservative terms, respectively, in the energy budget, and subscript 0 indicates that the term alters the barotropic energy, while the prime implies that it alters the baroclinic energy. Time-averaging the baroclinic equation (2) shows that, in steady-state (with as the time-averaging operator), the approximate form of the energy budget is given by
which is obtained by assuming that the other terms, such as nonlinear or nonhydrostatic energy flux, unsteadiness, and cross-terms resulting from depth-averaged correlations in primed quantities, are small, which is a good approximation unless nonlinear and nonhydrostatic waves are present (Venayagamoorthy and Fringer, 2005) . Equation (4) implies that the divergence of the internal wave energy flux is in balance with the rate at which energy is being converted from the barotropic tides and dissipation. Figure 4 depicts the energy flux vectors and magnitude as well as the conversion of barotropic to baroclinic energy. In general, conversion is high where the energy flux divergence is high, the difference between the two implying local dissipation (not shown). Red regions in the conversion plot indicate where barotropic energy is converted to baroclinic energy, while blue regions either imply conversion of the opposite sense, but likely result from errors in the calculation since it is unlikely that significant energy is converted from the baroclinic to barotropic tides. The left panel in Figure 4 depicts five regions of elevated internal wave activity. Each region has elevated internal wave energy due to the elevated generation of energy over topography, as implied by the conversion depicted in the right panel. The North Shelf break and Davidson Seamount regions radiate a significant portion of energy into the open ocean, while the energy generated in Monterey Submarine Canyon (MSC) is likely lost locally. It is not clear whether energy generated in the Sur Platform region radiates into the open ocean or is lost locally, nor is it clear where the elevated energy in the Open Ocean region originates. We are in the process of evaluating these details to determine the ultimate fate of the energy that is lost from the barotropic tides in the region. 
Nonlinear internal waves in the South China Sea
Our focus has been on analyzing the results from three-dimensional simulations of internal waves in the South China Sea to determine the generation site of the observed internal waves. Our analysis has shown that reproduction of the observed internal wave field requires accurate simulation of the observed barotropic currents at the hypothesized generation sites. Figure 5 depicts a comparison of the simulated to observed barotropic currents at mooring L1 (see Figure 6 ) and shows that the phasing predicted by SUNTANS is correct although the amplitude is underpredicted. As expected, the OTIS tidal currents are underpredicted but these can be corrected using more accurate bathymetry. The mismatch between the SUNTANS and observed currents may be due to inaccurate bathymetry or to strong baroclinicity at mooring L1 which creates strong bottom currents relative to the barotropic depth-average. The observations may reflect this strong bottom current because they are taken as the average from a depth of 450 m to 380 m. Nevertheless, the magnitude of the predicted currents is sufficient to generate the observed internal wave signal at mooring B1 (not shown, but included in Annual Report for FY08). Figure 6 . To accentuate individual internal wave peaks, the east-west gradient in the free-surface is plotted as this removes the tidal variability in the free-surface as the tide propagates through the Luzon Strait. Superimposed over the diagram are characteristics following A-and B-wave peaks as they cross mooring B1. The A-waves are those that arrive at mooring S7 every 24 hours and are generated by the diurnal tide, while the B-waves arrive approximately one hour later each day and are generated by the semidiurnal tide (Ramp et al. 2004) . Although it is difficult to trace the B-wave characteristics backward in time because the B-waves are not evident in deeper water, the A-wave characteristics are clear and can be traced back to the Eastern ridge at L1. Figure 7 shows that the Awaves take 33 hours to propagate from mooring L1 to mooring B1, which agrees with the finding of Ramp et al. (2004) . Furthermore, the analysis shows that the A-wave characteristics cross the ridge at L1 during peak eastward, or ebb, tides. This is also in agreement with Ramp et al. 
IMPACT/APPLICATIONS
High-resolution simulations using nonhydrostatic models like SUNTANS and the coupled ROMS-SUNTANS model are crucial for understanding multiscale processes that are unresolved, and hence parameterized, in larger-scale models.
